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There are various methods to measure cardiac output, a number of them will be reviewed in this paper. Knowledge of cardiac output is important for the understanding of changes of the normal physiology during disease. The effect of a disease can be determined by comparing exercise physiology between health and disease. Both invasive as non-invasive methods are used. The most perfect method is non-invasive, precise, sensitive, easy to use, pro-children, cheap, accurate, operator-independent, fast responding, continuous and with no complications (Geerts, Aarts & Jansen 2011). However, till today, no such method is known.
In the lungs gas exchange occurs with the inspired air. Haemoglobin is the iron-containing metalloprotein in red blood cells, which can bind oxygen. Via the blood, oxygen is transported through the body, whereby oxygen is released from the red blood cells and carbon dioxide is bound. 
The heart is necessary for pumping and thereby transporting the blood (Silverthorn, Johnson 2010). 
During exercise, the muscles are demanding more oxygen. This additional oxygen is transported to the working muscles by fastening the heart rate (HR) and an increase in stroke volume (SV). Cardiac Output (CO) is the multiplication of HR and SV (Driscoll, Staats & Beck 1989).
In healthy individuals a maximal exercise effort is reached when the maximal CO is attained. This occurs when both the HR as the SR are at their maximal level. When maximal CO is attained, the cardiovascular system transports the maximum amount of blood, and thus oxygen, to the exercising muscles (Driscoll, Staats & Beck 1989).






Cardiac output (CO) can be determined when oxygen (O2) uptake is measured and divided by systemic arterial oxygen content (CaO2) corrected for mixed venous oxygen content (CvO2) (Driscoll, Staats & Beck 1989). The Fick method uses O2 measurements. Adolf Fick, a German physician, reasoned that when O2 uptake is divided by systemic arterial O2 content corrected for mixed venous O2 content, CO is determined. This method was named after the physician, who reasoned this method to measure CO in 1870. This is the first technique developed for measuring CO (Fick 1982). 


















O2 and CO2 contents can be determined by the direct or indirect Fick method. The direct Fick method requires a pulmonary artery catheter for measuring the mixed venous blood. Therefore, the direct Fick method is invasive and not quite useful for measurements during exercise. The indirect Fick method, on the other hand, is non-invasive and could be used during exercise testing. The indirect Fick method obtains all measurements of O2 and CO2 in gas phase (Driscoll, Staats & Beck 1989). 

Direct Fick method
CaO2 and CaCO2 can be determined by sampling the pulmonary vein, since the O2 and CO2 concentration in de pulmonary vein equals the concentrations in the systemic blood flow. CvO2 and CvCO2 can be determined by measuring the concentration of O2 and CO2 in the pulmonary artery. Usually O2 and CO2 concentrations are determined by sampling peripheral arterial blood, which is a surrogate for the pulmonary vein. O2 content of the blood samples can be calculated by using the following formula: [Hb] (g/mL) x 1,36 (mL O2/g Hb) x O2saturation fraction + 0,0032 x PO2 (mm Hg) (Orsmond, Bessinger & Moller 1980). Haemoglobin (Hb) is the oxygen carrying protein of red blood cells, 1 gram Hb can carry 1,36 mL O2.  The saturation percentage of Hb depends primarily on the O2 pressure (PO2) of plasma surrounding the red blood cells. Approximately 98% of O2 is transported in blood bound by Hb. Less then 2% is dissolved in the plasma (Silverthorn, Johnson 2010).






VO2 is, in most subjects, determined by an indirect calorimetric monitor. A calorimeter determines the amount of oxygen consumption by de produced heat. Although also a spirometer incorporating a CO2 absorber can be used (Geerts, Aarts & Jansen 2011).
The direct Fick method is precise; however the large number of variables in the equation to calculate CO is disadvantageous. This results in a large chance on permutation of errors. The accuracy of this method decreases the ventilation of subjects with inspiratory O2 fractions larger than 60% (Ultman, Bursztein 1981). In addition, the technique requires an invasive pulmonary artery catheter to sample mixed venous blood. The direct Fick method is a labour intensive measurement, since accurate measurement of VO2 as well as reliable sampling of arterial and venous blood sample are labour intensive. 
However, the direct Fick method is considered the most accurate method to measure CO. Other methods are compared with the direct Fick method to prove their accuracy (Geerts, Aarts & Jansen 2011).

Indirect Fick method














Utilizing the indirect Fick’s equation written as described above, can result in an underestimation of CO as a consequence of the unknown ventilation/perfusion inequality and anatomic shunts. This method actually determines the effective lung perfusion (Tachibana et al. 2003). Fully mechanical ventilation and arterial blood samples are needed to correct for these factors. Resulting in a more invasive method (Gueret et al. 2006).
CaCO2 can be determined by de measurement of arterial PCO2 and haemoglobin. The standard CO2 partial pressure-content relationship is used to calculate CaCO2. To measure arterial PCO2 an arterial catheter is used, what makes this method invasive and limits the attractiveness to use this technique in children. Arterial PCO2 can also be estimated by the use of end-tidal PCO2. Several regression equations are known to calculate arterial PCO2, from which one is described above. Most regression equations known to calculate arterial PCO2, include corrections for both tidal volume and work level. However, there is a known difference between healthy individuals and cardiovascular patients and therefore this method to calculate PCO2 is not optimal (Driscoll, Staats & Beck 1989). 
Arterial PCO2 can also be determined with the use of the Bohr equation. This method is often used for patients with cardiopulmonary disease (Brutinel, Hurley & Staats 1983). In healthy individuals an assumed value for the dead space (VD) is chosen. VD in cardiovascular patients is normal or increased. Therefore, a reliable assumption of VD is not possible and VD must be measured (Driscoll, Staats & Beck 1989).












The rebreathing technique is the most common technique used to calculate CvCO2. A gas mixture of 8-15% CO2 and a balance in O2 is used. This method uses the equilibrium of alveolar gas with mixed venous blood. CvCO2 can be determined if alveolar PCO2 is used as an estimate for mixed venous PCO2 under conditions that allow these equilibrium. During the rebreathing, PCO2 is continuously monitored at the mouth until a plateau or equilibrium is measured. A correction for the downstream effect is necessary. The downstream effect is the fact that even at equilibrium, the PCO2 in gas phase is several millimetres of mercury higher than in blood phase (Driscoll, Staats & Beck 1989).

Summary
The indirect Fick method has a lot of advantages to measure CO. The results are even reliable in patients who have an abnormal distribution of inspired air, which is the case in e.g. obstructive lung diseases. Because the mixed venous PCO2 is the same in all lung units, the rebreathed PCO2 always equilibrates with the mixed venous PCO2 (Driscoll, Staats & Beck 1989).
Disadvantages of the indirect Fick method are the time required to carefully choose the rebreathing bag volume and gas concentrations necessary to produce a plateau value in PCO2. If the bag volume is too large, a plateau value for CO2 may not be reached. Even so, if the CO2 concentration is too large or too small, equilibrium will not be attained. Rebreathing CO2 is unpleasant at higher work levels, according to some subjects. In addition, at rest when the mixed venous-arterial PCO2 difference is small, the accuracy of the CO2 technique is poor (Reybrouck et al. 1978).
The indirect Fick method with determining CO2 values has been incorporated into automated exercise testing systems. CO measurements compare for the indirect Fick method, direct Fick method and dye dilution technique. 
Results are more accurate when arterial PCO2 is sampled in stead of estimated, but a separate gas analyzer is not required for the indirect CO2 technique (Driscoll, Staats & Beck 1989).






Another method to measure CO noninvasively is a rebreathing technique, in which a subject inhales a gas mixture of soluble and insoluble gases. The soluble gas often used is acetylene (Ac), C2H2. Ac diffuses from the alveoli to the blood in the pulmonary capillaries with the result of a decrease in Ac concentration in the alveolar space. The rate of decrease in Ac concentration depends on the pulmonary blood flow and thus by CO (Cabrera, Saidel & Cohen 1991). Other soluble gases than Ac can also be used, i.e. nitrous oxide (N2O), dimethyl ether and Freon (Driscoll, Staats & Beck 1989).
The soluble gas, which is also called the inert gas, does not interact with constituents in blood. So inert gases do not bound to carrier molecules and are therefore transported in purely physical solution. Inert gases are usually blood-flow-limited and can therefore be used to determine CO. Blood-flow-limited means that the diffusion of the gas in blood is rapid compared to the blood flow (Driscoll, Staats & Beck 1989). 
Helium is often used as the insoluble gas. An insoluble gas is necessary for the determination of CO, because it is used to calculate the gas volume in the system. It is also necessary for the indication when adequate gas mixing in the system is achieved (Cabrera, Saidel & Cohen 1991).
The acetylene rebreathing technique (ART) was introduced by Triebwasser et al. (Triebwasser et al. 1977) who modified the technique described by Cander and Forster (Cander, Forster 1959) approximately 20 years earlier. ART described by Triebwasser et al. is based on a single compartment model, figure 3. This model considers the rebreathing bag and lungs as a single and well mixed compartment at all times (Cabrera, Saidel & Cohen 1991). 











However, the single compartment model of Triebwasser et al. assumes negligible dead space volume, perfectly mixed alveolar gas, end-capillary blood equilibrated with alveolar gas, CO equal to pulmonary blood flow and no recirculation effects (Cabrera, Saidel & Cohen 1991). Recirculation of Ac, which is evident when the ratio Ac/He increases after a specific time, produces underestimation of CO. In children recirculation times may be shorter (Cumming 1978). The single compartment model does not correct for the time for inspiration and it assumes that the breathing pattern remains constant during the test (Cabrera, Saidel & Cohen 1991).
Experiments show that it takes approximately three breaths before the gas in the system is well mixed in normal lungs. Estimation of Vtc and CO is therefore based on the 6 to 8 breaths after the third breath. The subject has to breathe fast with large tidal volumes and has to empty the bag completely during each breath, to obtain appropriate data (Cabrera, Saidel & Cohen 1991). This is to ensure adequate mixing of the gases. Rapid breathing facilitates the mixing process and can therefore increase CO, especially at rest when breathing is even (Petrini, Peterson & Hyde 1978). The volume of the test gas mixture has to be precisely chosen for comfortable breathing for the subject, so that he could empty the bag completely each breath and has adequate ventilation during exercise. The volume of the bag depends on the size and weight of the subject (Cabrera, Saidel & Cohen 1991). Usually the volume of the rebreathing bag is chosen so that 50 to 60% of the vital capacity is used. However, this is a large volume at rest and when the bag is not fully emptied every breath; it can cause underestimations of CO. When gas volume in the rebreathing bag is chosen too small, CO will be underestimated as a result that equilibrium can not occur (Petrini, Peterson & Hyde 1978, Kallay et al. 1987).

ART method
The gas mixture usually used consists of 40% O2, 0,5-1,0% Ac, 10% He and an balance in N2. A equilibrium between He and gas in de dead space and alveolar gas develops, which is an indication of the amount of dilution of the gas from the rebreathing bag and gas in the dead space and alveoli. Ac concentration decreases as a consequence of the diffusing of Ac in the blood. Figure 4A shows a schematic representation of the changes in Ac and He concentration. Figure 4B represents the diagram in which the Ac/He ratio over time is drawn on a semi logarithmic scale. The slope should be negative, because Ac concentration decreases while He remains constant. If recirculation occurs, this will result in a higher Ac/He ratio (Driscoll, Staats & Beck 1989).

CO can be determined with ART, the equation for this determination is first described by Cander and Forster (Cander, Forster 1959). Petrini et al. (Petrini, Peterson & Hyde 1978) added some modifications. This equation includes the gases Ac and He, but they can be substituted for other soluble/insoluble gases (Driscoll, Staats & Beck 1989).
Equation for determination of CO by using acetylene rebreathing technique:


A mass spectrometer is often used to determine the concentrations of Ac and He, because of the speed and versatility of this method. A disadvantage of the mass spectrometer is the capital expense. Less expensive thermal conductivity meters are available, although they are slower and less accurate. They need a larger sampling rate for comparable reliable results; this can cause underestimation of CO because of concentrating Ac in the rebreathing bag. Ac can contaminate the collector plate of the mass spectrometer, the use of N2O instead of Ac can prevent this (Driscoll, Staats & Beck 1989).
Estimations have to be made for the solubility coefficient of acetylene in blood. Estimates for solubility of Ac range from 0,70 (Kubicek et al. 1966) to 0,76 mL of Ac (37°C) per Lblood/atm of pressure (Grollman 1929, Sackner 1987). Most published equations use 0,74 to 0,76 (Sackner 1987).The variability in CO among patients may be related to the individual variability in blood solubility of Ac (Grollman 1929).
Ac concentrations decrease in the gas mixture during rebreathing, because Ac is well-mixed in the lungs and no Ac is present in the mixed venous blood before the rebreathing starts. In about 15 seconds after the start of the test, the concentration Ac in mixed venous blood begins to increase (Sackner 1987, Chapman et al. 1950, ZeidiFard, Davies 1978). This delay is shorter during exercise. Recirculation of Ac can occur after a specific amount of time. Recirculation time in children is usually shorter (Cumming 1978).

Multi compartment model




Following on inspiration, gas from the perfectly mixed rebreathing bag with variable volume (VRB) enters the dead space (VD), which has a constant volume. The air flows, after a time delay in VD, into the alveolar space (VA) of variable volume. With expiration, the reverse process occurs (Cabrera, Saidel & Cohen 1991).

Summary
CO measurements by ART compare well with CO determinations using direct Fick (Chapman et al. 1950) or dye dilution (Triebwasser et al. 1977) in healthy individuals. A good correlation is found in patients without abnormalities of pulmonary function (Kallay et al. 1987). However, ART may overestimate CO in patients with airway obstructions and underestimate CO in patients with restrictive pulmonary disorders (Kallay et al. 1987). 
An advantage of ART above i.e. the Fick method is that also end-expiratory lung volume and tissue volume can be determined. And when carbon monoxide is included in the rebreathing mixture, the pulmonary diffusing capacity can also be estimated (Sackner 1987).





Another method to measure CO is the Doppler ultrasound method, which makes use of ultrasound and the Doppler shift. Ultrasound is sound cycles with a higher frequency then 20.000 Hz, which is approximately the highest frequency what humans are able to hear. The Doppler shift is the effect of the change of the frequency of the wave when the sensor moves toward or away of the source.
The Doppler shift in the thorax is created by the moving cellular components of blood, what is proportional to the velocity of the blood flow (Driscoll, Staats & Beck 1989). 








The velocity of blood flow is used to determine the flow. Velocity of blood flow multiplied with the cross sectional area (CSA) of the vessel in which the flow is determined, gives an indication of the blood flow. Figure 6 gives a schematic representation of the measurement of the Doppler frequency shift (Driscoll, Staats & Beck 1989).


The product of the CSA of the ascending aorta and the velocity of blood flow in the ascending aorta gives SV (Nottin et al. 2001). CO can be determined by multiplying SV with HR.
Various investigators have studied the ultrasound Doppler method and compared it to other techniques to determine CO. The ultrasound Doppler method has proven to be feasible and reliable during rest. Nishimura et al. (Nishimura et al. 1984) show a high correlation (R = 0,94) between determinations of CO by the Doppler method and thermodilution methods in adults. However, it is not always possible to obtain CO measurements in all subjects. In 30% of the subjects, it was impossible to obtain aortic root dimensions or adequate Doppler signals (Nishimura et al. 1984). Which immediately illustrates the difficulties in using ultrasound Doppler.
Doppler measurement during exercise is even more difficult to make compared to rest. Furthermore, determinations of CO are less reliable. It is more difficult to determine Ø during exercise. In addition, it is difficult to record the Doppler signals during exercise, since the movements of heart and lungs increase, rate of respiration increases and lung volume changes increases (Driscoll, Staats & Beck 1989).

Multiple methods to measure the Doppler shift are known, from which the transoesophageal method is the most frequently used method (Geerts, Aarts & Jansen 2011). At the tip of a flexible probe is a small ultrasound transducer attached. This probe is orally or nasally positioned in the oesophagus along the descending aorta. Different systems are used to determine CO using transoesophageal Doppler. The Deltex monitor (Cardio Q, Deltex Medical, Chichester, UK) and the Medicine monitor (TECO, Berkshire, UK) use a nomogram to obtain the CSA of the ascending aorta. This nomogram is based on the patient’s age, weight and height. Another monitor, the Hemosonic (Arrow International, Reading, PA) uses M-mode echocardiography to measure the CSA of the ascending aorta by assuming the aorta is circular.
As described above, CO is determined from aortic blood flow. This calculation is based on the assumption that the blood is constant distributed between cephalic and caudal circulation. Another disadvantage of this technique is that it is operator dependent, because of the difficulties to determine Ø and fixation of the transducer. Furthermore, a nomogram is not the most reliable method to determine the CSA of the aorta. The nomogram is based on averages, thus individual differences can be large. Besides that, CSA is dependent on the blood pressure. However, the most important disadvantage of transoesophageal Doppler is the invasiveness. Subjects have to be intubated, which makes this technique less attractive to use, especially in children and/or during exercise (Geerts, Aarts & Jansen 2011).

Transthoracic Doppler, on the other hand, is non-invasive by which an ultrasound probe is positioned in the jugular notch to obtain blood velocity in the outflow of the left ventricle. CO is determined in the same way as when transoesophageal Doppler is used. However, in some subjects it is very difficult to determine the velocity in the aorta root. In those cases, velocity in the pulmonary valve is measured. The reliability and accuracy of the test is operator dependent and it is affected by body movement, for instance breathing. As a consequence, this technique has a greater inter- and intra-observer variability and larger limits of agreement when compared to transoesophageal Doppler. The advantages of this method over transoesophageal Doppler are non-invasiveness and the possibility to measure patients in supine position or during exercise (Geerts, Aarts & Jansen 2011).

Nottin et al. (Nottin et al. 2001) tested the reproducibility of ultrasound Doppler and CO2 rebreathing (Fick) techniques. Fourteen healthy children (aged 10,9 ± 0,9 years; 8 girls and 6 boys) were tested during an upright cycle test until exhaustion with both techniques. They all underwent this procedure on two separate occasions, one week apart. A standard Doppler echocardiography (Kontron Sigma HVD44) was used to determine the integral of the ascending blood velocity and time. A 2.0 MHz continuous wave Doppler transducer (Pedof) was used to determine the velocity of the blood in the ascending aorta directly from the suprasternal notch (Nottin et al. 2001).
The individual differences in CO measurements between trial one and two are represented in figure 7. The results are analysed with the Bland and Altman procedure, which shows that the reproducibility of the Doppler method (Q-DOP) is higher then the reproducibility of the CO2 rebreathing technique (Q-REB) (Nottin et al. 2001).









Another device which uses the Doppler shift is USCOM (Sydney, Australia). The USCOM is a non-invasive continuous wave Doppler-based system, which can be used for testing SV, HR, CO and CI during exercise.
Knobloch et al. (Knobloch et al. 2008) studied the relationship between breath-by-breath oxygen uptake (VO2) and CO, CI, SV and HR determined by USCOM in healthy subjects during exercise treadmill testing. VO2 was determined by a spiroergometer (Knobloch et al. 2008). 
There was shown a high significant (p < 0,01) correlation between VO2 and CO (R = 0,904) and CI (R = 0,897). Also, HR (R = 0,842) and SV (R = 0,766) showed a good correlation with VO2. In conclusion, continuous wave Doppler system USCOM gives feasible results during standardized treadmill testing (Knobloch et al. 2008).

In a study of de Wilde et al. (de Wilde et al. 2009) three minimally invasive CO monitoring systems were compared with thermodilution. Two pulse contour methods (the auto-calibrated FloTrac-Vigileo (COed) and the non-calibrated Modelflow (COhs)) and the Doppler ultrasound HemoSonic system (COhs) were included. Results were obtained from 13 postoperative cardiac surgical patients, 104 paired CO determinations were assessed before, during and after four interventions. The mean differences (2SD) between COed and COtd was 0.33 (0.90), between COmf and COtd 0,30 (0.69) and between COhs and COtd -0.41 (1.11) L/min. These results suggest that the Modelflow had the best performance. The FloTrac-Vigileo overestimates the changes in CO, while the Modelflow and HemoSonic systems were not significantly different from CO values of the thermodilution technique (de Wilde et al. 2009).

Summary





Pulse pressure (PP) methods are an indirect method to determine CO. PP methods are easy to use and therefore commonly used with children.  Measurements of arterial pressure are the basis for the determination of CO. Otto Frank described in 1899 the Windkessel model, which is the origin of the PP method for the determination of CO via determination of SV. The aortic pressure waveform is used in this model to determine cardiac functions (Geerts, Aarts & Jansen 2011). 
PP methods can be divided in two categories, invasive and non-invasive methods to determine the pressure waveform. Invasive methods are widely studied and several devices are used with differences in the way of calibration. Intermittent calibration of the pressure waveform is necessary before CO can be accurately determined. CO is influenced by changes in f.i. SV and HR. These changes can be missed as a consequence of changes in vessel diameter due to physiologic or therapeutic effects. Therefore, calibration of the PP device is necessary to compensate for the effect of changes in vessel diameter (Mayer, Suttner 2009). The device can be calibrated (PiCCO, LiDCO), self-calibrating (Flo Trac/Vigileo) or uncalibrated (PRAM). These methods are invasive because a manometer is used to determine the PP waveform. The manometer contains a catheter connected to a signal processor. The PP waveform can be continuously measured. In practice, the pressure waveform is not obtained from the aorta, but from the radial or femoral artery (Geerts, Aarts & Jansen 2011).
A non-invasive measurement of arterial pressure can be obtained with either a sphygmomanometer or with the Nexfin monitor, a finapress methodology (Eeftinck Schattenkerk et al. 2009).

Little studies are done with invasive PP measurements during exercise, which is because of the invasiveness of the technique. The different measurements will be discussed shortly, but the focus of this chapter will be the non-invasive methods.

Invasive PP measurements
The invasive PP method is based on the Windkessel model of Otto Frank. The aortic pressure waveform is measured and used for the determination of CO. Usually the pressure waveform is obtained from the radial or femoral artery. This value is corrected for the difference in pressure in the aorta and in a peripheral artery (Geerts, Aarts & Jansen 2011). Several devices to determine PP waveform via the invasive technique are known, they differ in the way of calibration.

Calibrated PP methods (PiCCO and LiDCO)
The PiCCO algorithm is a modified version of Wesseling’s cZ algorithm (Wesseling et al. 1993). The area under the pressure waveform and the shape of the waveform are analysed. Furthermore, the individual aortic compliance and systemic vascular resistance are used for the determination of CO (Geerts, Aarts & Jansen 2011). CO is determined according to the following formula:











The PiCCO device (Pulsion Medical Systems, Munich, Germany) requires an independent technique for calibration of the PP waveform. PiCCO uses transpulmonary thermodilution. Recalibration occurs at regular intervals and after profound changes in SVR (Geerts, Aarts & Jansen 2011). A disadvantage of PiCCO is that a central venous catheter is necessary, because the thermodilution is injected via the central venous line (Mayer, Suttner 2009).
The LiDCO system (LiDCO, London, UK) is comparable to the PiCCO system, the difference between these two techniques is the way of calibration(Geerts, Aarts & Jansen 2011) and that SV is determined on the basis pulse power, which causes that the value for SV is less influenced by reflections of the curve (Mayer, Suttner 2009). The LiDCO system also requires an independent device to determine the calibration factor. Often the transpulmonary lithium indicator dilution method is used (Geerts, Aarts & Jansen 2011), which is immediately the disadvantage of this technique, since a maximum daily dose of lithium limits the duration in which this method can be used. Furthermore, lithium may interact with muscle relaxants which is unpleasant for the patient and disturbs the measurement (Mayer, Suttner 2009).
Figure 9 shows schematically the principle of CO determination according to the PiCCO or LiDCO system. A pressure signal from the tip of the catheter is conducted to the device. This signal is modified with the Windkellel’s algorithm and corrected by the calibration factor and individual characteristics of the patients, as weight, length, age and gender. The algorithm estimates aortic flow, which is used to determine CO (Geerts, Aarts & Jansen 2011).


Self-calibrating PP method (Flo Trac/Vigileo)
The Flo Trac/Vigileo system (Edwards Lifesciences, Irvine, CA, USA) can be divided in two separate device, the FloTrac and the Vigileo. The FloTrac is the pressure sensor and the Vigileo is the monitor which estimates SV and CO. The difference with PiCCO and LiDCO is that the FloTrac/Vigileo does not require an independent CO technique to estimate the calibration factor. This technique uses an algorithm that is based on the principle that aortic pulse pressure is proportional to SV and inversely related to aortic compliance. A conversion factor Khi is estimated on the bases of several characteristics of the patient, as weight, height and body surface area. But Khi is also dependent on mean arterial pressure (MAP), HR, arterial compliance and symmetry and distinctness of a peak of the beat-to-beat arterial waveform. Khi is estimated during the test every, approximately 60 seconds. The PP waveform is determined by a signal from a peripheral artery line (Geerts, Aarts & Jansen 2011).
CO is determined by the following formula:





The arterial line must be monitored, because the accurate estimation of CO is dependent upon the pressure signal. Therefore, the quality of the pressure monitoring signal is important (Geerts, Aarts & Jansen 2011).

Uncalibrated PP method (PRAM)
PRAM (Vytech Health, Padova, Italy) means Pressure Recording Analytical Method. PRAM makes, even as PiCCO and LiDCO, use of a modified version of Wesseling’s cZ algorithm. In contrast to the other techniques, PRAM does not require calibration or demographic data (Geerts, Aarts & Jansen 2011). SV is estimated according to the following formula:

SV = A / [(P/t) * K(t)]
So, one of the differences between PiCCO and PRAM is that PiCCO uses the area under the systolic part of the PP waveform, whereas PRAM uses the area under the diastolic part of the PP waveform (Geerts, Aarts & Jansen 2011).
The factor K(t) is determined by the ratio between expected and measured MAP (Geerts, Aarts & Jansen 2011).
SV is determined for each heart beat and therefore CO is also determined for each heart beat. However, the monitor gives CO values as a mean value over 12 seconds (Geerts, Aarts & Jansen 2011).
Since the internal calibration of PRAM is derived from the morphology of the PP waveform, the determination of CO is highly dependent on the quality of the signal (Geerts, Aarts & Jansen 2011).

Non-invasive PP measurements
Several methods to determine the PP non-invasively are developed, one of which is the Riva-Rocci/Korotkoff (RRK) method, which makes use of a sphygmomanometer to determine the blood pressure (BP) in the arteries of the upper arm. The other method to determine PP non-invasively is the Finapres methodology, which uses the Nexfin monitor (BMEYE B.V., Amsterdam, the Netherlands). Finapres refers to Finger Arterial Pressure (Eeftinck Schattenkerk et al. 2009). Both methods are non-invasive since no artery catheter is necessary. In children, an artery catheter may be difficult to insert and gives a bigger risk of complications (Lemson et al. 2009).

Riva-Rocci/Korotkoff
Systolic BP is the maximal BP direct after the contraction of the ventricles. Diastolic BP is the lowest BP just before the next contraction. Pulse pressure is the difference between systolic and diastolic BP. BP is the resultant of the output of the heart and the peripheral resistance. BP is measured at the artery brachialis of the upper arm with the use of a sphygmomanometer. BP is given in torr or millimetres per mercury.  The sphygmomanometer consists of an inflatable cuff and a mercury or mechanical manometer. When BP is measured manually, a stethoscope is used to detect the korotkov-sounds. When the artery is fully opened, blood flow is unobstructed and with a stethoscope nothing can be heard. Even so when the artery is closed, there is no blood flow so no sounds can be heard. When the artery is partly closed, so called korotkov-sounds can be heard, these sounds are created in the artery under the distal part of the cuff by the movement of the vessel wall as a consequence of the turbulence. These korotkov-sounds were first described by Nicolai Korotkov in 1905. These sounds are divided in 5 phases; phase one is the soft, first detectable sound at systolic BP. Phase five is when diastolic BP is reached and no sounds are detectable (Jongh et al. 2010). 
BP can be used to determine SV. In healthy individuals, an increase in 1 mmHG results in the increase of SV with 2 mL. So, CO is determined according to the following formula (Jongh et al. 2010):
SV = pulse pressure * 2 mL
CO = SV * HR

Finapres method
Around 1980, the Finapres method, based on the volume-clamp method of Peňáz and the physical criteria of Wesseling et al., was developed by Wesseling et al.. A fast inflatable cuff system is placed around the finger; this cuff determines arterial blood volume by a photoplethysmograph in the cuff. The cuff keeps the artery at its unloaded volume, where transmural pressure is zero (Eeftinck Schattenkerk et al. 2009). When pressure in the finger artery increases, more blood enters the finger and thus more light is absorbed. The output of the plethysmograph decreases, which is compared with a set point. This set point reflects the diameter of the artery at unloaded state. The cuff pressure is increased because more air is passed, which is against the initial increase of the artery blood volume. Finger arterial pressure is measured indirectly by analyzing of the cuff pressures (Lemson et al. 2009). The Physiocal criteria, mentioned before, are necessary to establish the unloaded volume of the artery, which is one repeatedly during the test. It ensures the precision of the pressure, even when there are physiological changes of the vasculature (Eeftinck Schattenkerk et al. 2009). 
A so-called servo system links the plethysmograph and the air pressure in the cuff. This fast reacting system determines the unloaded diameter of the artery when the finger artery is clamped. The Physiocal algorithm is necessary to keep the pressure in the cuff constant. Therefore, the measuring of BP is interrupted each 2-3 beats (Lemson et al. 2009).
Finapres is a non-invasive method, which can be used for hours on end and during exercise. 
BP is determined in the peripheral finger artery with the use of Finapres, a physiological model and a regression-based level correction are required to determine BP in the aorta and thus for the determination of CO (Eeftinck Schattenkerk et al. 2009).
The advantage of Finapres above RRK is that Finapres offers the opportunity to measure BP continuously, from beat-to-beat.  RRK on the other hand, provides intermittent data and may also be less reliable (Lemson et al. 2009).
Imholz et al. (Imholz et al. 1998) reviewed the Finapres technology on the basis of 43 studies in which Finapres was compared with intra-arterial and/or with non-invasive but intermittent BP measurements. They found no significant differences when values were corrected with the Physiocal algorithm. Differences in systolic pressure are larger then differences in diastolic pressure and they almost reach statistical significance. But they concluded that this was not of clinical relevance. Finger arteries are affected by physical and psychological stress, such as heat, cold and blood loss. Stress can cause contraction or dilatation, which affect the BP measured in the finger. As described above, these effect are limited when the Physiocal algorithm is used. The overall conclusion of the article was that Finapres is an accurate and precise method to measure changes in BP. New, better corrective measures are necessary to achieve diagnostic accuracy (Imholz et al. 1998).

Comparing RRK and Nexfin
In a study of Eeftinck Schattenkerk et al. (Eeftinck Schattenkerk et al. 2009), RRK was compared with Finapres using the Nexfin monitor. Of 104 subjects (54 males, aged 18-95 years) three Nexfin-RRK differences were determined for systolic and diastolic BP. Results are represented with (25th, 75th percentiles). RRK systolic BP was 129 (115, 150), diastolic BP was 80 (72, 89). The mean Nexfin-RRK differences were for systolic BP 5.4 (-1.7, 11.0) mmHG and for diastolic BP -2.5 (-7.6, 2.3) mmHG. The conclusion which may be drawn for these results is that Nexfin provides accurate measurement of BP when compared to RRK (Eeftinck Schattenkerk et al. 2009).
In a study of Lemson et al. (Lemson et al. 2009), a non-invasive blood pressure oscillometric technique (NIBP) was compared with Nexfin. The finger arterial pressure is physiologically lower compared to the BP in the brachial artery, because of the difference in resistance to flow. A software algorithm is necessary to estimate from the BP measured by the Nexfin the BP in the brachial artery. This algorithm includes corrections for both waveform, which affects PP, and offset, which shifts the curve up or down. The shift is corrected according to Bos et al. (1996). In the study of Lemson et al. 35 critically ill children (weight 2-22 kg) were included. Three methods to determine BP were used, an intra-arterially blood pressure method (IAP), NIBP and Nexfin. When Nexfin was compared to IAP, bias was -16.2, -7.7 and -10.2 mmHG for systolic BP, diastolic BP and MAP. When Nexfin results were corrected for difference in resistance of flow between the finger artery and the brachial artery, the differences when compared to IAP were smaller; respectively -11.8, 0.6 and -0.9 mmHG. NIBP compared to IAP gave the following results; -6.8, -0.9 and -3.8 mmHG. The conclusion may be drawn that these three methods give approximately the same results, also in critically ill children (Lemson et al. 2009).

Comparing invasive and non-invasive BP measurements
The accuracy and reliability of invasive and non-invasive BP measurements is studied well, even as the comparability of the methods. The conclusions made on the studies is different, some researchers are positive about non-invasive methods as Nexfin, f.i. Schattenkerk et al. (Eeftinck Schattenkerk et al. 2009), others conclude that non-invasive methods can not replace invasive methods (Stover et al. 2009). Stover et al. compared Nexfin with standard invasive cardiac monitoring system, pulmonary artery catheter and arterial catheter. Ten critically ill patients of the intensive care (ICU), who needed cardiovascular monitoring with a pulmonary artery catheter, were included. Nexfin measurements were obtained every hour, during an 8 hour period. They concluded, based on statistical analyses, that Nexfin did not correlate well enough with the invasive method used in the ICU.  Nexfin is, according to this study, less reliable then invasive methods and these invasive methods can, not yet, be replaced by Nexfin (Stover et al. 2009).
However, Martina et al. (Martina et al. 2010) concluded that absolute arterial pressure values obtained with Nexfin were similar to those measured with an invasive method. The aim of this study was to evaluate the feasibility of the Nexfin monitor to measure BP in subjects with reduced arterial pulsatility. It is more difficult to obtain reliable results for BP non-invasively in patients with a continuous flow left ventricular assist device (cf-LVAD). As well as BP measurements obtained with Nexfin and with an invasive arterial pressure method were compared during cardiac surgery as the performance of Nexfin was studied during regular echocardiographic patient examination. The conclusion of this study was that Nexfin correlated well with invasive methods to determine BP and Nexfin reproduced the arterial pressure waveform well in patients with a cf-LVAD (Martina et al. 2010).

Summary
Pulse pressure methods can determine indirect CO. Several methods to determine BP are known, as well as invasive as non-invasive techniques. Invasive measurements are widely used, especially in ICU patients. These techniques are reliable and precise, but less attractive to use in patients who are not in the ICU. Invasive methods need an artery catheter and PiCCO also needs a venous catheter. Therefore, these methods are hardly used during exercise or in awake individuals. Non-invasive methods as RRK and the Nexfin monitor are well studied to evaluate their reliability and accuracy. Overall, studies are positive about these methods, especially with their easiness to use with children and during exercise. Complications are very rare, which is not the case with invasive methods (Lemson et al. 2009).  Nexfin and RRK give similar results for BP then invasive methods, although further research should be done to obtain better corrective measures to achieve diagnostic accuracy (Imholz et al. 1998). Also, further research have to be done with Nexfin in critically ill patients, according to Stover et al., invasive methods for the measurement of BP can not be replaced by Nexfin (Stover et al. 2009).
Electrical bioimpedance

The technique (thoracic) electrical bioimpedance is based on measurements of resistance of blood in the thorax, which can be used to determine CO. This method is non-invasive and inexpensive (Geerts, Aarts & Jansen 2011), but less attractive to use during exercise. Respiration and body movement can affect the resistance, so measurements of CO have to be made during cessation of respiration and body movement to obtain reliable results (Driscoll, Staats & Beck 1989).
This method makes use of four sets of circumferential electrodes; two are positioned around the neck and two around the lower chest (Driscoll, Staats & Beck 1989). These electrodes create an electrical field in the thorax by passing low voltage, high frequency, alternating electrical currents (Sinning et al. 1993). The thoracic impedance or resistance changes as a consequence of the movement of blood in the thorax. SV and thus CO can be determined by this change in impedance (Driscoll, Staats & Beck 1989). Multiple formulas are known (Geerts, Aarts & Jansen 2011), but only one will be discussed in this paper.









The resistivity of blood (p) is influenced by multiple factors, such as electrolyte concentrations, hematocrit and temperature (Sinning et al. 1993). Other researchers consider p as an independent variable and thus p is eliminated from the equation. Deviations of ideal body weight are added to the equation by Bernstein (Bernstein 1986), because this factor will influence bioimpedance (Bernstein 1986).
There are various methods to measure dZ/dt. dZ/dt can be determined by the peak of the dZ/dt waveform from the calibration baseline. The other method is to measure dZ/dt from the absolute low of the initial deflection at the start of ejection (Driscoll, Staats & Beck 1989).
Teo et al. (Teo et al. 1985), Edmunds et al. (Edmunds, Godfrey & Tooley 1982) and Hetherington et al. (Hetherington et al. 1985) found that impedance measurements correlated with SV measurements gained with the Fick method. However, a correction for packed red cell volume have to by made according to Edmunds et al. (Edmunds, Godfrey & Tooley 1982), otherwise bioimpedance measurements exceeded Fick measurements. Furthermore, impedance measurements were performed during cessation of breathing (Teo et al. 1985, Edmunds, Godfrey & Tooley 1982, Hetherington et al. 1985).
Smith et al. (Smith et al. 1988) studied the correlation between indirect Fick using CO2 measurements and electrical bioimpedance using a commercially available cardiograph (BoMed NCC0M3). SV and CO were determined at rest and during exercise. There was a poor correlation between CO (R = 0,56) and SV (R = 0,24)measurements made by these two techniques. Measurement of CO and oxygen uptake should correlate well in healthy subjects as well as during rest as during exercise. They did so with indirect Fick, but not when measured with electrical bioimpedance. CO and oxygen uptake measured with electrical bioimpedance correlated only weakly during exercise and did not correlate at rest. These deviations can be caused by different factors, such as body size, for which the SV measured by bioimpedance should be corrected according to Kubicek et al. (Kubicek et al. 1966). Also, the impedance signals are so small that they are nearly measurable and can cause discrepancies according to Hill et al. (Hill, Jansen & Fling 1967).

Pianosi et al. (Pianosi, Garros 1996) compared electrical bioimpedance with indirect Fick (CO2 rebreathing) in healthy children during exercise. They tested a new thoracic electric bioimpedance cardiograph (ICG-M401). Measurements were obtained during exercise on a cycle ergometer at 2 worklevels, 0,5 and 1,5 W/kg. SV was determined with the use of the equation of Kubicek with modifications based on corrections gained form preliminary studies (Pianosi, Garros 1996).











Blood resistivity was assumed constant at 135 ohms/cm, L was measured and dZ/dt was determined at the maximal value of the first time derivative of impedance (Pianosi, Garros 1996).
Analysis of the results was done with the use of Bland and Altman, figure 10, which is an ideal method to illustrate the mean bias between two techniques when it is difficult in selecting a standard method for the calculation. Figure 10 illustrates the differences between results obtained with indirect Fick and electrical bioimpedance. The mean bias was not significantly different from zero, CO measured by electrical bioimpedance minus CO measured by direct Fick was 0,14 ± 1,05 L/min (95% c.i. -0,12 to 0,44 L/min) (Pianosi, Garros 1996). 







Pianosi et al. showed that electrical bioimpedance correlate well with indirect Fick when using the device ICG-M401 (Pianosi, Garros 1996). This technique is non-invasive and does not require a great deal of skill to perform. It can be done repeatedly and it does not influence the measured variables. Furthermore, this technique is ideal to use in children and during exercise. 





Several methods to measure cardiac output are known of which five are reviewed in this paper. Knowledge of cardiac output is important for the understanding of changes of the normal physiology during disease. The effect of a disease can be determined by comparing exercise physiology between health and disease. Both invasive as non-invasive methods are used. The most perfect method is non-invasive, precise, sensitive, easy to use, pro-children, cheap, accurate, operator-independent, fast responding, continuous and with no complications (Geerts, Aarts & Jansen 2011). However, till today, no such method is known.
Cardiac output is an indicator for fitness. Normally, CO increases during exercise. Effects of diseases upon exercise performance can be measured by comparing CO of healthy individuals and the patient (Driscoll, Staats & Beck 1989). The aim of this paper is to review several CO measurements and to determine which technique is the most ideal method to use in children during exercise. 
The techniques reviewed are the Fick principle, acetylene rebreathing, Doppler ultrasound method, pulse pressure methods and electrical bioimpedance.

The reliability and reproducibility of all five techniques depends on the skills and experience of the investigators. However, repeated CO measurements have a variation of at least 10% whatever technique is used. This may be caused by the inherent variation of CO (Driscoll, Staats & Beck 1989).

The direct Fick method is considered the most accurate method to measure CO (Geerts, Aarts & Jansen 2011). However, the direct Fick method is invasive and hence not useful with children and/or during exercise. The indirect Fick method, on the other hand, is non-invasive. All gases that obey Henry’s law and diffuse through the lungs can be used to measure CO; most commonly CO2 measurements are used. Utilizing the indirect Fick’s equation, can result in an underestimation of CO as a consequence of the unknown ventilation/perfusion inequality and anatomic shunts (Tachibana et al. 2003). Fully mechanical ventilation and arterial blood samples are needed to correct for these factors, resulting in a more invasive method (Gueret et al. 2006).
When corrected, results for CO gained with the indirect Fick method are reliable and accurate (Driscoll, Staats & Beck 1989). Disadvantages of the indirect Fick method are the time required to carefully choose the rebreathing bag volume and gas concentrations necessary to produce a plateau value in PCO2. In addition, at rest when the mixed venous-arterial PCO2 difference is small, the accuracy of the CO2 technique is poor (Reybrouck et al. 1978). Also, the indirect Fick method is labour intensive and more invasive compared to other techniques (Geerts, Aarts & Jansen 2011).

Another method to measure CO noninvasively is a rebreathing technique, in which a subject inhales a gas mixture of soluble and insoluble gases. The soluble gas often used is acetylene (Ac). CO is determined by de rate at which the Ac concentration decreases in the gas mixture (Cabrera, Saidel & Cohen 1991). Helium is often used as the insoluble gas. An insoluble gas is necessary to calculate the gas volume in the system and for the indication when adequate gas mixing in the system is achieved (Cabrera, Saidel & Cohen 1991).
ART described by Triebwasser et al. (Triebwasser et al. 1977) is based on a single compartment model. This model considers the rebreathing bag and lungs as a single and well mixed compartment at all times. A multi compartment model was described by Cabrera et al., to make ART less dependent on cooperation of the subject (Cabrera, Saidel & Cohen 1991). 
CO measurements by ART compare well with CO determinations using direct Fick (Chapman et al. 1950) or dye dilution (Triebwasser et al. 1977) in healthy individuals. However, ART may overestimate CO in patients with airway obstructions and underestimate CO in patients with restrictive pulmonary disorders (Kallay et al. 1987). 
An advantage of ART above i.e. the Fick method is that also end-expiratory lung volume and tissue volume can be determined. And when carbon monoxide is included in the rebreathing mixture, the pulmonary diffusing capacity can also be estimated (Sackner 1987).
ART is an appropriate technique to use during exercise and in children, since this technique is non-invasive and only needs rebreathing to determine the different parameters (Driscoll, Staats & Beck 1989). But recirculation of Ac is a problem, since it causes an underestimation of CO. Especially in children, in whom recirculation times are shorter. Moreover, CO measurements are unreliable in patients with airway obstructions or with restrictive pulmonary disorders (Driscoll, Staats & Beck 1989). 

CO measurements can also be obtained with the Doppler ultrasound method, which makes use of ultrasound and the Doppler shift. The Doppler shift in the thorax is created by the moving cellular components of blood, what is proportional to the velocity of the blood flow (Driscoll, Staats & Beck 1989). The product of the CSA of the ascending aorta and the velocity of blood flow in the ascending aorta gives SV (Nottin et al. 2001). CO can be determined by multiplying SV with HR. The ultrasound Doppler method has proven to be feasible and reliable during rest (Nishimura et al. 1984). However, it is not always possible to obtain CO measurements in all subjects, in the study of Nishimura et al. they failed to obtain results in 30% of the patients (Nishimura et al. 1984). Doppler measurement during exercise is even more difficult to make compared to rest. It is more difficult to determine Ø during exercise. In addition, it is difficult to record the Doppler signals during exercise, since the movements of heart and lungs increase, rate of respiration increases and lung volume changes increases. Therefore, determinations of CO during exercise are less reliable (Driscoll, Staats & Beck 1989).

PP methods are an indirect method to determine CO. PP methods are easy to use and therefore commonly used with children.  Measurements of arterial pressure are the basis for the determination of CO. Otto Frank described in 1899 the Windkessel model, which is the origin of the PP method for the determination of CO via determination of SV. The aortic pressure waveform is used in this model to determine cardiac functions (Geerts, Aarts & Jansen 2011). Invasive methods, which use an artery catheter, as well as non-invasive methods are known. Invasive measurements are widely used, especially in ICU patients. These techniques are reliable and precise, but less attractive to use in patients who are not in the ICU. Non-invasive methods as RRK and the Nexfin monitor are well studied to evaluate their reliability and accuracy. Overall, studies are positive about these methods, especially with their easiness to use with children and during exercise. Complications are very rare, which is not the case with invasive methods (Lemson et al. 2009).  Nexfin and RRK give similar results for BP then invasive methods, although further research should be done to obtain better corrective measures to achieve diagnostic accuracy (Imholz et al. 1998). Also, further research have to be done with Nexfin in critically ill patients, according to Stover et al., invasive methods for the measurement of BP can not be replaced by Nexfin (Stover et al. 2009).

The last technique described in this paper, (thoracic) electrical bioimpedance, is based on measurements of resistance of blood in the thorax, which can be used to determine CO. This method is non-invasive and inexpensive (Geerts, Aarts & Jansen 2011), but less attractive to use during exercise. Respiration and body movement can affect the resistance, so measurements of CO have to be made during cessation of respiration and body movement to obtain reliable results (Driscoll, Staats & Beck 1989). Pianosi et al. showed that electrical bioimpedance correlate well with indirect Fick when using the device ICG-M401 (Pianosi, Garros 1996). This technique can be used repeatedly and it does not influence the measured variables. Furthermore, this technique is ideal to use in children and during exercise, when correctly used. However, researchers do not agree yet about the best equation and determinants that have to be used in the equation to determine CO (Driscoll, Staats & Beck 1989).

In summary, the non-invasive pulse pressure method Nexfin fulfils most criteria. Nexfin can be used during exercise and in children. Finapres (Nexfin) offers the opportunity to measure BP continuously, from beat-to-beat (Lemson et al. 2009). Imholz et al. (Imholz et al. 1998) reviewed the Finapres technology on the basis of 43 studies in which Finapres was compared with intra-arterial and/or with non-invasive but intermittent BP measurements. They found no significant differences when values were corrected with the Physiocal algorithm. The overall conclusion of the article was that Finapres is an accurate and precise method to measure changes in BP. New, better corrective measures are necessary to achieve diagnostic accuracy (Imholz et al. 1998).
The indirect Fick method is more invasive then the other methods, and therefore less attractive to use in children and/or during exercise. ART is less reliable in children due to the recirculation of Ac and ART is less reliable in subjects with airway obstructions or with restrictive pulmonary disorders (Driscoll, Staats & Beck 1989). Doppler ultrasound method is difficult to use during exercise, since during exercise the movements of heart and lungs increase, rate of respiration increases and lung volume changes increases. This makes it more difficult to determine Ø. Therefore, determinations of CO during exercise are less reliable. At last, electrical bioimpedance meets most criteria for the ideal method. It is non-invasive, pro-children and possible to use during exercise. Also, this technique is accurate and reliable, but it is operator dependent. And researchers do not agree yet about the best equation and determinants that have to be used in the equation to determine CO (Driscoll, Staats & Beck 1989).







The non-invasive pulse pressure method Finapres (Nexfin) and electrical bioimpedance are the most ideal methods to determine CO in children during exercise. They fulfil most of the criteria of the ideal method: non-invasive, precise, sensitive, easy to use, pro-children, cheap, accurate, operator-independent, fast responding, continuous, with no complications and possible to use during exercise. Both Nexfin and electrical bioimpedance are non-invasive, therefore feasible to use with children, and can be used during exercise. They both correlate well compared to other CO methods and repeated measurements are comparable. However, Nexfin is meets most of the criteria, since electrical bioimpedance is operator dependent and researchers do not agree yet about the best equation and determinants that have to be used in the equation to determine CO (Driscoll, Staats & Beck 1989).
Another advantage of Finapres is that it offers the opportunity to measure BP continuously, from beat-to-beat. 
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CO = cardiac output
VO2 = oxygen uptake
CaO2 = systemic arterial oxygen content
CvO2 = mixed venous oxygen content
(Driscoll, Staats & Beck 1989)


CO = cardiac output
VCO2 = carbon dioxide output
CvCO2 = mixed venous carbon dioxide content
CaCO2 = systemic arterial carbon dioxide content
(Driscoll, Staats & Beck 1989)

Figure 1: Schematic representation of Fick’s principle
CO = cardiac output
VO2 = oxygen uptake by the lungs
CaO2 = systemic arterial oxygen content
CvO2 = mixed venous oxygen content
VCO2 = carbon dioxide output by the lungs
CvCO2 = mixed venous carbon dioxide content
CaCO2 = systemic arterial carbon dioxide content
AP = pulmonary artery
VP = pulmonary vein
O2 entering the lungs (VO2), is transported to peripheral tissues (CvO2 - CaO2). At the same time CO2 produced by the peripheral tissues (CaCO2 - CvCO2), is cleared by the lungs (VCO2). CO can be determined from these concentrations when using the Fick equation.
(Geerts, Aarts & Jansen 2011)

CO = cardiac output
∆VCO2 = difference in carbon dioxide output
S = slope of CO2 dissociation curve 
∆EtCO2 = difference in end tidal volume
(Geerts, Aarts & Jansen 2011)

Figure 2: Schematic representation of Carbon dioxide rebreathing
Minute ventilation and CO2 concentration are measured simultaneously and result in estimation for VCO2. CaCO2 is calculated from the EtCO2 after a correction S, which is the slope of the CO2 dissociation curve. 
(Geerts, Aarts & Jansen 2011)

TV = tidal volume
PECO2 = mixed expired PCO2
DS = volume of respiratory equipment dead space
VD = assumed value for subject’s physiologic dead space
(Driscoll, Staats & Beck 1989)

Figure 4: Acetylene rebreathing technique in practice
a)	Schematic representation of the rebreathing technique with the use of the gases Ac and He. Ac is an inert gas and blood-flow-limited. Therefore, the concentration gradually decreases. He, on the other hand, equilibrates with gas in the dead space and alveolar gas, giving an indication of the amount of dilution of gas of the rebreathing bag.
b)	Example of the plot of the ratio Ac/He versus rebreathing time (seconds) on a semi logarithmic scale. The slope is M in the equation for CO by the acetylene rebreathing technique (figure 7).
(Driscoll, Staats & Beck 1989)

p = resistivity of blood
L = distance between the inter electrodes
Zo = body impedance (ohms)
T = ejection time (sec)
dZ/dt = first derivative of Z (ohms/sec)
(Driscoll, Staats & Beck 1989)

F = FC2H2 (t) / FHe (t)
Vtc = tissue-capillary volume
Vs = volume of gas in the lungs and rebreathing bag, which is the system
σ = partition coefficient
(Cabrera, Saidel & Cohen 1991)


Figure 3: Schematic representation of the single compartment model 
One of the most frequently used rebreathing methods is the acetylene rebreathing technique (ART), which uses the inert gas acetylene (Ac). The rebreathing bag and lungs are considered as a single and well mixed compartment at all times. (Q is CO is cardiac output) (Cabrera, Saidel & Cohen 1991).

Figure 5: Schematic representation of the multi compartment model
CO, or Q, can be determined with ART which is often determined using the single compartment model. This model however has a few inaccuracies since it considers the system as a single, well mixed compartment at all times. The multi or four compartment model is used for optimal parameter estimation. (VD represents the constant dead space) (Cabrera, Saidel & Cohen 1991)ADDIN RW.CITE{{}}. 

760: standard barometric pressure
60: conversion of seconds to minutes 
Pb: measured barometric pressure
α(b): Ac solubility in blood
Vbag: bag volume
	: average concentration of the insoluble gas He during rebreathing manoeuvre
Acb: concentration Ac in the bag before manoeuvre starts
(Ac/He)0: ratio of concentrations of Ac and He extrapolated to zero tome on logarithmic paper (y-intercept)
M: slope of the plot of the ratio Ac/He versus rebreathing time (seconds) on a semi logarithmic scale
Long volume can be determined from (Ac/He)0 if the solubility of Ac in lung tissue is known.
(Driscoll, Staats & Beck 1989)

Figure 11: Graphic representation of the correlation between indirect Fick and electrical bioimpedance
Shown is the regression plot of electrical bioimpedance (QICG) versus indirect Fick (QRB). There is a strong correlation (R = 0,825) between measurements gained with these techniques. The thin line in the plot is the regression line, the thick line is the line of identity, y = x (Pianosi, Garros 1996).

Figure 10: Graphic representation of analysis with Bland and Altman method
Shown are the mean biases between CO measured by indirect Fick (QRB) and CO measured by electrical bioimpedance (QICG). Mean bias was 0,14 ± 1,05 L/min (95% c.i. -0,12 to 0,44 L/min), from which the conclusion can be drawn that there was no significant difference in results gained with indirect Fick and electrical bioimpedance (Pianosi, Garros 1996).

SV = stroke volume (mL)
r = blood resistivity
L = distance between the inter electrodes
Zo = body impedance (ohms)
T = ejection time (sec)
dZ/dt = first derivative of Z (ohms/sec)
(Pianosi, Garros 1996)

Figure 8: Graphic representation of the Bland and Altman analyses between the two techniques
Fourteen children were measured with Doppler and CO2 rebreathing techniques during an upright cycle test until exhaustion. Individual differences in CO measurements between trial one and two are represented. The results are analysed with the Bland and Altman procedure, which shows that there is a relative good agreement between the Doppler method (Q-DOP) and the CO2 rebreathing technique (Q-REB) (Nottin et al. 2001).

Figure 7: Graphic representation of the Bland and Altman analyses
Fourteen children were measured with Doppler and CO2 rebreathing techniques during an upright cycle test until exhaustion. Individual differences in CO measurements between trial one and two are represented. The results are analysed with the Bland and Altman procedure, which shows that the reproducibility of the Doppler method (Q-DOP) is higher then the reproducibility of the CO2 rebreathing technique (Q-REB) (Nottin et al. 2001).

Figure 6: Schematic representation of the Doppler ultrasound method
An ultrasound wave is used to determine the velocity of the blood flow (V). Ø is the angle between the direction of blood flow and the ultrasound signal. The velocity of the blood is multiplied by the cross sectional area of the vessel to determine the blood flow, which is used to determine CO (Driscoll, Staats & Beck 1989).

V = velocity of blood flow
f = Doppler frequency shift
c = speed of sound in tissue
Ø = angle between the direction of blood flow and the ultrasound signal
(Driscoll, Staats & Beck 1989)

A = area under the diastolic part of the pressure curve
P/t = analytical description of the pressure wave form of pressure (P) with time (t) for each heart beat
K(t) = factor inversely related to the instantaneous acceleration of the cross sectional area of the aorta
(Geerts, Aarts & Jansen 2011)

Figure 9: Schematic representation of the PiCCO and LiDCO technique
A pressure signal from the tip of the catheter is conducted to the device. This signal is modified with the Windkellel’s algorithm and corrected by the calibration factor and individual characteristics of the patients, as weight, length, age and gender. The algorithm estimates aortic flow, which is used to determine CO (Geerts, Aarts & Jansen 2011).

K = calibration factor
P = arterial blood pressure
∫P(t)dt = area under the systolic part of the pressure curve
SVR = systemic vascular resistance
C(p) = pressure dependent arterial compliance
dP/dt = the shape of the pressure wave, which is only influenced by the contractility of the heart
(Geerts, Aarts & Jansen 2011)

σAP = standard deviation of MAP over a 20 seconds interval
(Geerts, Aarts & Jansen 2011)
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